Abstract: Each year, 20%-40% of crops are lost due to plant pests and pathogens. Existing plant disease management relies predominantly on toxic pesticides that are potentially harmful to humans and the environment. Nanotechnology can offer advantages to pesticides, like reducing toxicity, improving the shelf-life, and increasing the solubility of poorly water-soluble pesticides, all of which could have positive environmental impacts. This review explores the two directions in which nanoparticles can be utilized for plant disease management: either as nanoparticles alone, acting as protectants; or as nanocarriers for insecticides, fungicides, herbicides, and RNA-interference molecules. Despite the several potential advantages associated with the use of nanoparticles, not many nanoparticle-based products have been commercialized for agricultural application. The scarcity of commercial applications could be explained by several factors, such as an insufficient number of field trials and underutilization of pest-crop host systems. In other industries, nanotechnology has progressed rapidly, and the only way to keep up with this advancement for agricultural applications is by understanding the fundamental questions of the research and addressing the scientific gaps to provide a rational and facilitate the development of commercial nanoproducts.
Introduction
Plant pests and pathogens cause significant reductions in crop production, with estimated global losses of 20%-40% per year [1] . Current pest management relies heavily on the application of pesticides, such as insecticides, fungicides, and herbicides. In spite of many advantages, like high availability, fast action, and reliability, pesticides have harmful side effects towards non-target organisms, the resurgence of the pest population, and the development of resistance [2] . Furthermore, it is estimated that 90% of applied pesticides are lost during or after application [2, 3] . As a result, there is an increased motivation to develop cost-efficient, high-performing pesticides, that are less harmful to the environment.
Nanotechnology has led to the development of new concepts and agricultural products with immense potential to manage the aforementioned problems. Nanotechnology has substantially advanced in medicine and pharmacology, but has received comparatively less interest for agricultural applications [4, 5] . The use of nanotechnology in agriculture is currently being explored in plant hormone delivery, seed germination, water management, transfer of target genes, nanobarcoding, nanosensors, and controlled release of agrichemicals [6] . Material scientists have engineered nanoparticles Figure 1 . Nanomaterials as protectants or carriers to provide crop protection. This schematic shows different nanomaterials as either protectants or carriers for actives such as insecticides, fungicides, herbicides, or RNA-interference molecules, targeting a wide range of pests and pathogens. It also highlights the potential benefits of nanomaterial applications, such as improved shelf-life, target sitespecific uptake, and increased solubility, while decreasing soil leaching and toxicity.
In this review, we discuss the recent advances in plant disease management using nanoparticles themselves as protectants, as well as nanoparticles as carriers for insecticides, fungicides, herbicides, and dsRNA for RNA-interference (RNAi)-mediated protection. For years, nanotechnology has shown the potential to create a strong footprint for developing effective formulations. However, the authors believe that agricultural nanotechnology research is not reaching its potential. due to the scarcity of commercial applications. Of the 84 papers that investigated nanoparticle-loaded insecticides, fungicides, or herbicides (published since October 2018), only two papers have conducted field trials. In addition, only 24 papers studied the environmental issues such as non-target toxicity or soil leaching, and only 46 papers investigated the developed formulations against a target pest ( Figure 2 ). It is critical that research continues its shift towards testing on crop plants, target pests, and conducting short-term as well as long-term field trials for the advancement of agricultural nanotechnology. Figure 1 . Nanomaterials as protectants or carriers to provide crop protection. This schematic shows different nanomaterials as either protectants or carriers for actives such as insecticides, fungicides, herbicides, or RNA-interference molecules, targeting a wide range of pests and pathogens. It also highlights the potential benefits of nanomaterial applications, such as improved shelf-life, target site-specific uptake, and increased solubility, while decreasing soil leaching and toxicity.
In this review, we discuss the recent advances in plant disease management using nanoparticles themselves as protectants, as well as nanoparticles as carriers for insecticides, fungicides, herbicides, and dsRNA for RNA-interference (RNAi)-mediated protection. For years, nanotechnology has shown the potential to create a strong footprint for developing effective formulations. However, the authors believe that agricultural nanotechnology research is not reaching its potential. due to the scarcity of commercial applications. Of the 84 papers that investigated nanoparticle-loaded insecticides, fungicides, or herbicides (published since October 2018), only two papers have conducted field trials. In addition, only 24 papers studied the environmental issues such as non-target toxicity or soil leaching, and only 46 papers investigated the developed formulations against a target pest ( Figure 2 ). It is critical that research continues its shift towards testing on crop plants, target pests, and conducting short-term as well as long-term field trials for the advancement of agricultural nanotechnology. 20 against the target pest, 5 on environmental issues, such as non-target toxicity or soil leaching, and 2 trials were done in field conditions. Fungicides: 28 studies have been conducted to date, where 10 tested their nano-insecticide on crop plants, 17 against the target pest, 5 on environmental issues, such as non-target toxicity or soil leaching, and no trials have been conducted in field conditions. Herbicides: 17 studies have been conducted to date, where 7 were tested against the target pest, 11 on environmental issues, such as non-target toxicity or soil leaching, and no trials have been conducted in field conditions. * Crop host experiments were not included, since some herbicides are non-selective.
Types of Nanoparticles for Plant Disease Management

Nanoparticles as Protectants
Nanoparticles are materials that range between 10 to 100 nanometers (nm), and can be designed with unique chemical, physical, and biological properties, to distinctively differ from those of their molecular and bulk counterparts [8] . Nanoparticles alone have the potential to be directly applied to plant seeds, foliage, or roots for protection against pest and pathogens, such as insects, bacteria, fungi, and viruses. Metal nanoparticles such as silver, copper, zinc oxide, and titanium dioxide have been intensively researched for their antibacterial and antifungal properties, and are known for their antiviral properties [9] [10] [11] . This section gives a brief overview and an update on current literature reviews pertaining to the individual nanoparticles that already exist [9, [12] [13] [14] .
Recently, silver nanoparticles have increased in popularity, due to "green synthesis" production in plants, bacteria, fungi, or yeast [15] . Silver nanoparticles have shown antifungal inhibition of Alternaria alternata, Sclerotinia sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, Botrytis cinerea, and Curvularia lunata by well diffusion assay [16] . When silver nanoparticles were sprayed onto bean leaves, complete suppression of sun-hemp rosette virus was observed [17] . Elbeshehy et al. [18] further showed that faba bean plants challenged with bean yellow mosaic virus, and sprayed with silver nanoparticles, produced remarkably better results when the nanoparticles were applied 24 h post-infection, compared to spray application before infection, or simultaneously at the time of inoculation. Silver nanoparticles have shown immense potential for plant disease management 20 against the target pest, 5 on environmental issues, such as non-target toxicity or soil leaching, and 2 trials were done in field conditions. Fungicides: 28 studies have been conducted to date, where 10 tested their nano-insecticide on crop plants, 17 against the target pest, 5 on environmental issues, such as non-target toxicity or soil leaching, and no trials have been conducted in field conditions. Herbicides: 17 studies have been conducted to date, where 7 were tested against the target pest, 11 on environmental issues, such as non-target toxicity or soil leaching, and no trials have been conducted in field conditions. * Crop host experiments were not included, since some herbicides are non-selective.
Types of Nanoparticles for Plant Disease Management
Nanoparticles as Protectants
Recently, silver nanoparticles have increased in popularity, due to "green synthesis" production in plants, bacteria, fungi, or yeast [15] . Silver nanoparticles have shown antifungal inhibition of Alternaria alternata, Sclerotinia sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, Botrytis cinerea, and Curvularia lunata by well diffusion assay [16] . When silver nanoparticles were sprayed onto bean leaves, complete suppression of sun-hemp rosette virus was observed [17] . Elbeshehy et al. [18] further showed that faba bean plants challenged with bean yellow mosaic virus, and sprayed with silver nanoparticles, produced remarkably better results when the nanoparticles were applied 24 h post-infection, compared to spray application before infection, or simultaneously at the time of inoculation. Silver nanoparticles have shown immense potential for plant disease management against fungal and bacterial pathogens, but there are significant hurdles associated to them, such as production, toxicity, and soil interaction [9, 12] .
Other commonly used metal nanoparticles include copper, titanium dioxide, and gold. Nanoparticles, such as copper and titanium dioxide, are more commonly being utilized for fertilizer with little research into plant disease management. The research covering titanium dioxide, silver, and copper nanoparticles for antimicrobial properties, and aluminum nanoparticles as an insecticidal dust, has been highlighted [9] . Furthermore, titanium dioxide nanoparticles in fertilizers have produced protection from bacteria and inactivation of viruses (as summarized in Sadeghi et al. [13] ). Introducing poly-dispersed gold nanoparticles via a mechanical abrasive was seen to melt and dissolve the Barley yellow mosaic virus particles conferring resistance to the plant [19] .
Chitosan is another popular nanoparticle that has favorable biological properties, such as biodegradability, biocompatibility, non-allergenicity, and antimicrobial activity, with low toxicity to animals and humans [20] . Chitosan nanoparticles induce viral resistance in plant tissues by protecting them against infections caused by the mosaic virus of alfalfa, snuff, peanut, potato, and cucumber [21] [22] [23] . Chitosan nanoparticles have shown antimicrobial properties, such as controlling Fusarium crown, root rot in tomato, Botrytis bunch rot in grapes, and Phyricularia grisea in rice [24] , but are less effective against bacteria [14] . Malerba and Cerana [14] summarized potential mechanisms that lead to the antimicrobial effects of chitosan, such as agglutination, disruption of the cell membrane, inhibition of H + -ATPase activity, inhibition of toxin production and microbial growth, inhibition of the synthesis of messenger RNA and proteins, and blockage of nutrient flow. Antiviral effects have been observed in beans against Bean mild mosaic virus and, in tobacco, against Tobacco mosaic virus and Tobacco necrosis virus [14] . Chitosan has also shown effectiveness against oleander aphid (Aphis nerii), cotton leafworm (Spodoptera littoralis), root-knot nematode (Meloidogyne javanica), and nymphs of the spear psylla (Cacopsylla pyricola) [14] . Chitosan holds promise as both nanoparticles alone and has shown to have an enormous potential as a nanocarrier.
Nanoparticles that Act as Carriers
Nanoparticles are also commonly used as carriers to entrap, encapsulate, absorb, or attach active molecules to develop effective agricultural formulations. The common nanoparticles which have been used as carriers for insecticides, fungicides, herbicides, and RNAi-inducing molecules, are summarized below.
Silica nanoparticles can be easily synthesized with a controlled size, shape, and structure, making them highly advantageous delivery vehicles [25] . They are commonly produced in a spherical shape with pore-like holes; for example, porous hollow silica nanoparticles (PHSNs) or mesoporous silica nanoparticles (MSNs). PHSN and MSN commonly load the pesticide into the inner core to protect the active molecules and, therefore, provide a sustained release. The shell structure of PHSNs protect the active molecules inside the nanoparticles against degradation by UV light. The literature suggests that silicon has already been used to enhance plant tolerance against various abiotic and biotic stresses and, therefore, silica nanoparticles seem to be the natural choice for the development of agri-products for pests [26] .
Chitosan nanoparticles have low solubility in aqueous media, due to their hydrophobic properties [24, 27] . As a result, chitosan is commonly mixed with a copolymer, organic and inorganic, to improve its solubility [24] . Chitosan has reactive amine and hydroxyl groups, allowing modification, graft reactions, and ionic interactions, enabling improvement of chitosan properties [27] . Chitosan adheres well to the epidermis of leaves and stems, prolonging the contact time and facilitating the uptake of the bioactive molecules [14] .
Solid lipid nanoparticles (SLNs) are similar to emulsions, and are composed of lipids that are solid at room temperature. An advantage of SLNs is that they provide a matrix to entrap lipophilic active molecules without the use of organic solvents [28] . Furthermore, SLNs can also provide controlled release of various lipophilic components, due to decreased mobility of the active in the solid matrix [28, 29] . Surfactants are used to stabilize the SLN when dispersed into water [5] . Their main drawbacks are that they have a low loading efficiency, and the active may leak out of the structure during storage [30] .
Layered double hydroxides (LDHs) are clays that form into hexagonal sheets with layers of the active molecules trapped in the interlayer space [31] . LDH nanoparticles breakdown under acidic conditions, such as the addition of moisture and carbon dioxide from the atmosphere [32] . Positively charged delaminated LDH lactate nanoparticles have been shown to facilitate the transport of biologically active materials across the plant cell wall barrier [33] .
Silica, chitosan, SLN, and LDH nanoparticles have been utilized as common carriers for plant disease management. The individual studies using these nanoparticles, and less frequently used nanoparticle types, are discussed in-depth in the sections categorized by insecticide, fungicide, herbicide, or RNAi.
A Brief Guide to Insecticides, Fungicides, and Herbicides
This section gives a brief outline on the types of pesticides and their classification system, designed to aid in their correct usage, and the prevention of pesticide resistance. Insecticides can be classified into systemic (absorbed by the plant) or contact insecticides (direct contact required), and can be classified into at least 55 different chemical classes, grouped according to physiological functions affected: nerve/muscle, growth, respiration, midgut, or unknown/non-specific [34] . Importantly, there are 30 modes of action (MoA) (including multiple sites and unknown groups) which are required to be applied, in rotation, to prevent insecticide resistance [34] . Fungicides work by contact (barrier on the plant that is not absorbed) or by penetration (absorbed by the plant at various levels of systemic movement). Spray coverage of fungicides is extremely important, since systemic movement within the whole plant is uncommon. Fungicides are split into 49 Fungicide Resistance Action Committee (FRAC) codes with 14 different MoA groups [35] . Herbicides can be selective by killing only target weeds, or non-selective by killing all vegetation. Spray application of herbicides can be applied at pre-plant (non-selective applied to the soil before planting), pre-emergence (before weed seedlings emerge through the soil) or post-emergence (weed seedlings already emerged from the soil). There are 23 Herbicide Resistant Action Committee (HRAC) groups of herbicides. Rotation within these groups is critical to prevent pesticide resistance.
Nanoparticles as Carriers for Insecticides
Loading insecticides into nanoparticles first started in the early 2000s. Since then, conventional insecticides (27 studies) and bioactive compounds with insecticidal properties (13 studies) have been conducted with a range of nanoparticles (Table 1) . These studies have explored eight different MoA and a range of essential oils (not included in Insecticide Resistance Action Committee (IRAC) classification). The most commonly investigated nanoparticle carriers were silica (8 studies), chitosan (11 studies), and lipids (4 studies). Spodoptera litura (5 studies), Tetranychus urticae (4 studies), and Helicoverpa armigera (4 studies) were the most popular target pests. In these studies, the researchers aimed to improve low water-solubility, decrease volatilization, improve stability, and provide slow release of the active molecules. Avermectin (6) PHSN Brassica oleracea P. xylostella larvae - [70] In this Insecticides that have low water-solubility require organic solvents to help solubilize the pesticide, which increases the cost and toxicity of the insecticide. Instead, nanoparticles can be used to increase the solubility, thus reducing the toxicity. To date, low-water-soluble insecticides have been successfully loaded into modified chitosan [45] [46] [47] 63] and porous silica [50] . However, none of these studies tested for reduced environmental toxicity. Using modified chitosan nanoparticles to load the hydrophobic insecticide azadirachtin, Lu et al. [47] showed favorable inhibition of cell proliferation in S. litura ovarian cell lines, and sustained drug release. In another study, Liu et al. [55] showed an increase in uptake and higher mortality when H. armigera larvae were subjected to dendrimers loaded with hydrophobic thiamethoxam. Interestingly, H. armigera is not normally susceptible to thiamethoxam. However, when loaded onto dendrimer nanoparticles, a significant increase in toxicity was observed. An increase in mortality was also seen when anacardic acid (a cashew nutshell liquid extract) was intercalated into LDH nanoparticles [51] . When directly sprayed onto the skin of S. litura or applied onto mustard leaves, an increase in mortality was observed with the LDH formulation, compared to anacardic acid alone. These studies highlight the potential benefit of using nanoparticles to improve the solubility of active.
Evaporation or volatilization of the active is another common issue associated with the loss of insecticide post application. Essential oils are known for inducing insecticidal effects, but rapidly evaporate due to their chemical instability in the presence of air, light, moisture, and high temperatures [37] . Lai et al. [37] sprayed SLN nanoparticle-encapsulated Artemisia arborescens L. essential oil into glass vials, and observed 45.5% evaporation with an initial burst release, compared to 80% evaporation of essential oil alone, after 48 h. In another study, garlic essential oil was encapsulated into polyethylene glycol (PEG) and applied to harvested rice, then infested with red flour beetles (Tribolium castaneum) [41] . After 5 months, 80% mortality was observed with the nanoparticle formulation, compared to 11% mortality with essential oil alone. Similarly, Rani et al. [49] treated castor leaves with α-pineneand linalool-encapsulated silica dispersed in acetone. The authors reported that S. litura and castor semilooper fed on treated leaves had lower feeding activity, leading to death due to starvation. These studies successfully showed that the association of the active with nanoparticles improved the volatility issues.
Another motive to develop nano-insecticides is to increase the stability of the active molecules and provide a sustained release that would allow for a decrease in insecticide usage and improved safety. In field trials, Kumar et al. [71] found that okra bhindi plants sprayed with sodium alginate-encapsulated imidacloprid were just as effective as imidacloprid alone. Song et al. [44] in another field study, treated Brassica chinese with silica-encapsulated chlorfenapyr to achieve similar or more effective control against the diamondback moth (Plutella xylostella) over a three-day period. Another study found that feeding termites with fipronil, loaded into nanoparticles with a silica shell of larger shell thickness and an oil core, provided a sustained release with no initial burst release, thus allowing the worker termites to potentially carry the bait back to the nest [52] . Compared to the commercial insecticide, silica-loaded fipronil extended the 100% mortality window by 3 days, allowing better elimination of the colony. Jenne et al. [62] loaded azadirachtin onto zinc oxide or chitosan nanoparticles, and tested the efficacy over 180 days in groundnut bruchid storage conditions. Neem seed kernel extract, loaded into zinc oxide nanoparticles, contained groundnut bruchid with 54.61% weight loss compared to the other formulations tested.
Slow release of active molecules could also potentially decrease the toxicity of the insecticides. To date, four studies have tested if sustained release of insecticides from nanoparticles could decrease toxicity. For example, when testing for cytotoxicity of imidacloprid loaded onto sodium alginate nanoparticles, Kumar et al. [71] claimed "that these experiments clearly reveal that at this concentration loaded-pesticide nanoformulation is very less toxic than original pesticide". However, only a small difference was observed, and no statistical analysis was conducted. On the other hand, Meredith et al. [56] observed a decrease in toxicity effects on zebrafish with hollow polymeric shell nanoparticle-encapsulated λ-cyhalothrin, and the larger micron-sized particles of the same composition, when compared to the unformulated insecticide λ-cyhalothrin. Oliveira et al. [66] also observed a decrease in toxicity in mouse fibroblast cell lines when treated with zein nanoparticle-encapsulated botanical repellents, compared to the botanical repellents alone. Similarly, carvacrol and linalool, loaded into chitosan nanoparticles, also decreased the toxicity in two fibroblast cell lines [69] . More studies are required to confirm the reductions in insecticide toxicity due to nanoparticle encapsulation, but these studies provide a promising start.
Nanoparticles as Carriers for Fungicides
Starting in 1997, initial studies on nanofungicides were conducted on incorporating fungicides into solid wood [36, [72] [73] [74] . Since then, conventional fungicides (20 studies) and biocides with antifungal properties (6 studies) have been conducted with a wide range of nanoparticles ( Table 2) . Nine FRAC groups, and a range of essential oils not included in the fungicide groups, were studied. The most commonly investigated nanoparticle carriers were polymer mixes, silica, and chitosan. A wide range of fungi were used to check the efficiency of the nanofungicide. However, few plants were tested, nor were there many toxicity studies. Similar to insecticides, nanoparticles were exploited to improve low-water-solubility issues, decrease volatilization, and improve stability while providing a slow sustained release. Hatfaludi et al. [75] used nanosized bacterial ghosts, non-denatured empty cell envelopes of Gram-negative bacteria, to increase adherence to the leaf surface and improve the low water-solubility of tebuconazole. Pectobacterium cypripedii was picked as the nanosized bacterial ghost, due to its ability to adhere to plants. Of the six plants tested (rice, soya, cabbage, cotton, barley, and corn), fluorescently labelled ghosts without a loaded fungicide adhered best to rice leaves (55% remaining), and soya leaves the lowest (10% remaining), when treated with heavy simulated rain in glasshouse conditions. All six plants were compared with ghost-loaded tebuconazole or with two tebuconazole commercial treatments (WP 25 and EW 250) against a wide range of fungi (see Table 2 ). Plants that were not subjected to rainfall showed similar or higher protection to the commercial products with one exception. When the plants were subjected to heavy rain 1 h post-treatment, and challenged with fungus, the majority of groups did not perform as well as the commercial products with one exception. However, when washed 24 h post-treatment, ghost-loaded tebuconazole was equal to, or greater than, WP 25 treatments, but EW 250-treated controls were generally more efficient.
Pyraclostrobin, another low-water-soluble fungicide, was loaded onto chitosan-lactide copolymer nanoparticles at different concentrations [81] . Three and five days post-application, they found that the nanofungicide was either similar to, or less efficient at preventing inhibition of C. gossypii, when compared to commercial pyraclostrobin. However, an increase in inhibition was observed at 7 days post-treatment, compared to active alone [81] . In another trial, kaempferol (another low-soluble fungicide) loaded onto lecithin/chitosan showed 67% inhibition efficacy after 60 days storage on a Fusarium oxysporum-infected Petri dish [85] .
In a series of studies, tebuconazole and chlorothalonil were loaded into a wide range of nanoparticles to improve the low solubility of the fungicides for deployment into solid woods [36, [72] [73] [74] . All four studies tested the mass lost due to decay from Gloeophyllum trabeum in southern yellow pine wood over 50-55 days (later trials also included birch, Trametes versicolor, KATHON 930, and the insecticide chlorpyrifos). Hydrophobic chlorothalonil encapsulated into nanoparticles were not as efficient, due to the size and stability of the formulation, but with an increase in concentration, minimal decay of the wood due to fungal infection was achieved [74] . Nanoparticle-loaded tebuconazole was able to drastically decrease the amount of fungicide delivered (from ca. 2 kg active/m 3 to 0.2 kg/m 3 ) with negligible change in the amount of decay. Birch wood was harder to treat due to its smaller pit pores [74] . Chlorothalonil and tebuconazole, encapsulated with a surfactant-free method, created smaller median particle diameters and a more stable aqueous suspension, ultimately increasing uptake into the wood [72] . Negligible decay (5% or less mass loss) was achieved with drastically reduced concentrations compared to industry standards for both fungicides in southern pine exposed to G. trabeum and birch wood exposed to T. versicolor [72] , clearly showing that the smaller, more stable surfactant-free nanoparticles afforded more resistance to fungal decay [72] .
Essential oils with fungicidal properties evaporate too quickly for large scale commercial use. Janatova et al. [84] successfully encapsulated five individual essential oil components into MSN to show higher antifungal activity 14 days post-Aspergillus niger-infection, when compared to the bulk essential oil components. Similarly, SLNs have also been used to stabilize Zataria multiflora essential oil, providing protection against six fungi [86] .
Leaching, the movement of water and chemicals through soil, is a major pesticide issue, but not many studies have been conducted with soil. Wanyika [80] loaded the fungicide metalaxyl onto MSNs, and observed leaching in soil between free metalaxyl (76% release) and encapsulated metalaxyl (11.5%) within a period of 30 days. When tested in water, the encapsulated metalaxyl had an increased release rate of 47% compared to the 11.5% seen in the soil, highlighting the importance of testing within the farming environment. Campos et al. [83] used two different types of nanoparticles, solid lipid or polymeric, and tested the cytotoxicity of carbendazim and/or tebuconazole loaded onto the nanoparticles. A decrease in toxicity with the nanoparticle-loaded pesticides was observed in preosteoblast and fibroblast mouse cell lines. In the soil leaching experiments, the addition of nanoparticles decreased the release rate in soil layer release experiments when compared to the commercial formulation. Wang et al. [95] treated zebrafish for 96 h with azoxystrobin and difenoconazole loaded into poly(butylene succinate) and poly(lactic acid) shells, and observed reduced toxicity compared to other formulations.
Slow release of the active molecules was achieved with nanosized calcium carbonate carrying validamycin [77] . Validamycin encapsulated in nanoparticles showed lower efficiency than validamycin alone, over a period of 1-7 days, in an in vitro assay against Rhizoctonia solani. However, two weeks later, the nanoparticle formulation showed slightly better results than the active alone, highlighting the efficacy of the nanoformulation over longer periods of time. Kumar et al. [89] found an increase in the fungal inhibition rate when carbendazim-loaded polymeric nanoparticles were tested against Fusarium oxysporum and Aspergillus parasiticus, compared to carbendazim alone. Phytotoxicity studies confirmed that the nanoformulated carbendazim was safer for germination and root growth of Cucumis sativa, Zea mays, and Lycopersicum esculentum seeds.
Zhao et al. [90] used MSNs to load pyrimethanil, and studied the uptake in cucumber plants over 48 days using high performance liquid chromatography tandem mass spectrometry. The uptake and the dosage of pesticide-loaded MSN in leaves had almost no effect on the distribution and dissipation rate in cucumber plants. Their study has shown that pyrimethanil-loaded MSN has a minimal risk of accumulating in the edible part of the plant. Zhao et al. [90] 's work furthers our knowledge and understanding of the distribution and translocation of MSN loaded with pesticides when applied as a foliar treatment.
Nanoparticles as Carriers for Herbicides
Most of the herbicide nanocarrier studies primarily focused on reducing the environmental impact caused by herbicides (Table 3) . When compared with insecticide and fungicide nanocarrier studies, herbicide research clearly prioritizes reducing the non-target toxicity of the herbicides. Development of nanoparticle-based herbicides has also included a wider variety of nanoparticles. For example, montmorillonite clay layers coated with a pH dependent polymer [97] , core-hollow shell manganese carbonate [98] , nanosized tubular halloysite and platy kaolinite [99] , amino-activated iron (II,III) oxide magnetic nanoparticles [100] and nanosized rice husks [101] , have been used to date. 
Atrazine (C) Poly (lactic-co-glycolic Acid) Potato plant - [113] In this table, the tested herbicide with the HRAC MoA group and nanocarrier are listed. Experiments conducted against targeted pests or exploring environmental factors such as off-target toxicity and soil leaching are specified. Application onto desired crop plants, as per previous tables, was removed since not all herbicides are selective. If a non-target crop was tested [101, 107, 109] , it has been included in the toxicity column. To reduce the toxicity of herbicides imazapic and imazapyr, both were loaded onto chitosan nanoparticles [108] . Similar effectiveness between nanoparticle-loaded and free herbicides was observed against the target weed Bidens pilosa. Toxicity was reduced in Allium cepa assays and Chinese hamster ovary cell cultures, compared to free herbicides. Maruyama et al. [108] also studied the effect on soil bacteria. Both nanoparticle-encapsulated and free herbicides did not affect the number of bacteria in the soil. However, the authors observed differences in the ratio of bacteria associated with the nitrogen cycle, and the nanoparticle-loaded herbicide group had the least impact.
In a different study, SLN loaded with both simazine and atrazine were found to be more effective at killing the target plant Raphanus raphanistrum when applied pre-emergence, and just as effective as the herbicide alone when applied post-emergence [107] . When tested on the non-target organism maize, no effect to the plant growth was observed. Furthermore, nanoparticle-loaded herbicides reduced toxicity (80% viability) against mouse fibroblast cells, compared to commercial herbicide (64% viability). de Oliveira et al. [110] studied the effects of clomazone herbicide loaded onto chitosan-alginate nanoparticles in bullfrog tadpoles' liver (Lithobates catesbeianus) after acute exposure for 96 h. Both free form and nanoparticle-loaded clomazone adversely affected the cells, and no protection by nanoparticles was observed.
Chidambaram [101] converted rice husk waste into nanosized particles, and loaded them with 2,4-D. They found that nanoparticle-loaded 2,4-D had better herbicidal activity than 2,4-D alone against the target plant (Brassica sp.) [101] . It was also found that the leaching effects in soil were reduced when the herbicide was bound to the nanosized rice husks. dos Santos Silva et al. [102] used paraquat loaded into alginate/chitosan to show reduced herbicide leaching in soil sorption studies, compared to paraquat alone. They also claimed a slower release rate that was 2 h longer than the herbicide alone. In another study, polymeric nanoparticles containing ametryn, atrazine, or simazine were slightly less toxic than herbicide alone, when subjected to genotoxicity studies using human lymphocyte and Allium cepa cell cultures [103] . Furthering the work, Grillo et al. [104] coated polymeric nanoparticles with different concentrations of chitosan to improve adhesion to target plants, but relied on the previous literature to prove that changing the bonds would provide better adhesion, as no adhesion studies were conducted. Grillo et al. [106] also studied the influence of aquatic humic substances, a complex of natural macromolecules in the environment, on paraquat-loaded chitosan. Allium cepa genotoxicity studies and ecotoxicity assays with the alga Pseudokirchneriella subcapitata showed that paraquat-loaded chitosan nanoparticles, in the presence of aquatic humic substances, decreased the toxicity, highlighting the need for more field trials in pesticide-loaded nanoparticle studies.
Nanoparticles and RNAi for Plant Protection
The discovery of the RNAi pathway has heralded new and innovating approaches for the management of pests and pathogens. RNAi, a conserved eukaryotic mechanism, is involved in the growth, development, and host defense against viruses and transposons, that can also be hijacked to target insects, fungi, viruses, and weeds [114] [115] [116] [117] [118] . Figure 3 describes the general mechanism of application of dsRNA to target pathogen RNA. In plants, RNAi is triggered by dsRNA, which is processed into small-interfering RNA (siRNA) by Dicer-like (DCL) enzymes. These siRNAs are incorporated into a RNA-induced silencing complex (RISC); siRNAs then direct the RISCs through base pairing to degrade the pathogen RNA, by preventing it from being used as a translation template [114] . Since its discovery, the RNAi pathway has emerged as a powerful tool to combat plant pests and pathogens by genetic modification [119, 120] . However, genetically modified organisms are controversial and highly regulated in most countries; thus, research into new dsRNA delivery methods is being undertaken. Topical application of dsRNA has emerged as a highly appealing alternative [119, 120] . This method of application faces similar issues to pesticides, such as short longevity due to environmental degradation, and difficulties with site-specific uptake by the targeted pest. To date, nanoparticles acting as carriers of RNAi-inducing molecules have been targeted against viruses [32] , used with honeybees as a model organism for DNA methylation and alternative splicing [121] , and targeted against aphids [122] and mosquitoes [123, 124] . Li-Byarlay et al. [121] used siRNA loaded onto perfluorocarbon nanoparticles to study DNA methylation in honeybees. Although honeybees are considered a non-target insect, this study shows that the aerosol delivery of siRNA-loaded perfluorocarbon was achieved. This initial research conducted by Li-Byarlay et al. [121] provided the stepping stone needed to develop the perfluorocarbon-siRNA nanotechnology to target three different aphid species; Acyrthosiphon pisum, Aphis glycines, and Schizaphis graminum [122] . It was observed that the nanoparticle-loaded siRNA had a significantly higher gene knockdown than siRNA alone.
Further research is limited to targeting mosquitoes for human disease control; however, it has the potential to be applied against agricultural pests. Based on four studies, chitosan nanoparticles were loaded with dsRNA targeted to the African malaria vector Anopheles gambiae and/or the dengue and yellow fever vector Aedes aegypti, with successful knockdown of the targeted genes [71, [123] [124] [125] . Comparative analysis was conducted between chitosan, carbon quantum dot, and silica nanoparticles as carriers of dsRNA against A. aegypti larvae [123] . Das et al. [123] found that carbon quantum dot coated in polyethyleneimine was the most efficient for dsRNA delivery and mosquito mortality. Each of these reports shows the potential of nanoparticle-facilitated, topical application of RNAi, due to its potential to target a wide range of fugal pathogens [126, 127] , insect pests [128, 129] , and plant viruses [32] with RNAi. Although exogenous application of RNAi-inducing molecules for crop protection holds strong appeal over pesticides, due to its reduced toxicity, topical application of RNAi still faces its own hurdles [120] . Topical application of dsRNA has emerged as a highly appealing alternative [119, 120] . This method of application faces similar issues to pesticides, such as short longevity due to environmental degradation, and difficulties with site-specific uptake by the targeted pest. To date, nanoparticles acting as carriers of RNAi-inducing molecules have been targeted against viruses [32] , used with honeybees as a model organism for DNA methylation and alternative splicing [121] , and targeted against aphids [122] and mosquitoes [123, 124] Li-Byarlay et al. [121] used siRNA loaded onto perfluorocarbon nanoparticles to study DNA methylation in honeybees. Although honeybees are considered a non-target insect, this study shows that the aerosol delivery of siRNA-loaded perfluorocarbon was achieved. This initial research conducted by Li-Byarlay et al. [121] provided the stepping stone needed to develop the perfluorocarbon-siRNA nanotechnology to target three different aphid species; Acyrthosiphon pisum, Aphis glycines, and Schizaphis graminum [122] . It was observed that the nanoparticle-loaded siRNA had a significantly higher gene knockdown than siRNA alone.
Further research is limited to targeting mosquitoes for human disease control; however, it has the potential to be applied against agricultural pests. Based on four studies, chitosan nanoparticles were loaded with dsRNA targeted to the African malaria vector Anopheles gambiae and/or the dengue and yellow fever vector Aedes aegypti, with successful knockdown of the targeted genes [71, [123] [124] [125] . Comparative analysis was conducted between chitosan, carbon quantum dot, and silica nanoparticles as carriers of dsRNA against A. aegypti larvae [123] . Das et al. [123] found that carbon quantum dot coated in polyethyleneimine was the most efficient for dsRNA delivery and mosquito mortality. Each of these reports shows the potential of nanoparticle-facilitated, topical application of RNAi, due to its potential to target a wide range of fugal pathogens [126, 127] , insect pests [128, 129] , and plant viruses [32] with RNAi. Although exogenous application of RNAi-inducing molecules for crop protection holds strong appeal over pesticides, due to its reduced toxicity, topical application of RNAi still faces its own hurdles [120] .
Conclusion and Future Outlook
Nanotechnology can provide solutions for agricultural applications and has the potential to revolutionize the existing technologies used in pest management. Development of nanopesticides can offer unprecedented advantages like (i) improved solubility of poorly water-soluble pesticides, (ii) increased bioavailability and efficacy of pesticides when loaded onto nanoparticles and reduced pesticide toxicity, (iii) enhanced shelf-life and controlled delivery of actives, (iv) target-specific delivery of the active molecules and pH dependent release, (v) smart delivery of RNAi molecules for disease management, (vi) nanoparticles as carriers to slow down degradation of active molecules and improve the formulations' UV stability and rain-fastness, (vii) nanopesticides to improve the selective toxicity and overcome pesticide resistance.
It is clear from the above discussion that nanopesticides represent an attractive advancement, owing to their potential advantages for the environment and human health. However, nanotechnology in the agricultural sector is not reaching the market. Most of the developed nanoparticle-based pesticides are at the very early stage of development; hence, the efficacy and toxicity of the nanopesticides on soil and environment needs be studied in more detail. Of the many studies of pesticides loaded onto nanoparticles, only two of them have conducted field trials; chlorfenapyr loaded onto silica nanoparticles with additional emulsions was applied to Brassica chinese [44] , and imidacloprid loaded onto sodium alginate nanoparticles [48] . Another issue with the early stages of research on nanoparticles in plant protection is the current lack of long-term trials. Only a few studies have included extended time trials in their studies; for example, Mitter et al. [32] tested an RNAi/nanoparticle topical delivery platform called BioClay to protect plants against viruses 20 days post-spray application, Zhao et al. [90] studied the pesticide levels over 48 days post-application of their developed nanoformulation, Yang et al. [41] tested for insecticidal activity for 5 months after application of their formulation on stored grain, and Jenne et al. [62] studied azadirachtin in either zinc oxide or chitosan nanoparticles in a jar of ground nuts infested with the groundnut bruchid insect over 180 days.
Nanopesticides are an emerging technological advancement where, in relation to pesticide use, there is a lack of a clear definition of what is, and what is not a nanopesticide, by regulatory bodies [130] . Kookana et al. [130] , in their review, have discussed in-depth that, unlike conventional pesticides, the effects of nanopesticides may be dependent on the uptake, bioavailability, concentration, and toxicity of the nanoparticles, as well as the ratio of the active bound to them. Also, there is limited data concerning the issue of pesticide resistance and how the addition of nanoparticles could conceivably reduce its incidence. Without using the comprehensive analytical tools, regulatory requirements for risk assessment cannot be generated. Only eight out of 30 insecticide MoA groups, 10 out of 49 fungicide FRAC groups, and eight out of 23 herbicide HRAC groups have been loaded onto nanoparticles and tested, to date. Current pesticide application requires rotation between groups to prevent pesticide resistance and a broad range of nanopesticides would need to be available for future commercial applications. Factors to consider in regards to developing nanopesticides are limited information known about the fate and safety aspects of nanopesticides in field and long-term trials, their high production cost, the requirement for high volumes, legislative uncertainties, and public opinion [131] [132] [133] . Integrating the new tools and techniques to generate robust data for analysis, characterization, and risk assessment might be the keys to getting approval from the regulatory bodies.
In conclusion, material scientists and biologists need to work closely and bring in complementary expertise from various fields, in order to have a deeper understanding of the fundamental interaction mechanisms in a complex bio-nano system. A comprehensive understanding about the structural properties of the nanoparticles, such as morphology, size, functional groups, and active adsorption/loading capacity, may provide a useful guide as a starting point for the rational choice of suitable nanoparticles. It is also important to select a reliable and reproducible system to conduct biocompatibility and efficacy studies at the cell, organism, and pest-host ecosystem levels, aiming for as-close-to field conditions as possible. The research and development landscape for agricultural nanotechnology is very promising, as the possibilities offered by nanoparticles for developing efficient products are being actively explored. The authors believe that multidisciplinary and collaborative research will provide a concrete platform to bring the applications of nanotechnology for plant protection a reality. 
